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InxGa! ~ xAs with In composition up to 0.69 has been successfully grown on Si substrates by 
molecular-beam epitaxy (MBE) using a modified two-step and short-period superlattice process. 
Double-crystal x-ray diffraction revealed a large residual anisotropic strain in samples containing 
less than 40% In. The short-period superlattices were effective in reducing dislocations generated 
near the InxGa] x As/Si interface when the In composition was below 0.5. 
L INTRODUCTION 
Recently, epitaxial growth of III-V compounds on Si sub-
strates has attracted much interest for device applications as 
well as the possibility of monolithic integration ofIIl-V pho-
tonic devices with Si integrated circuits. Electronic and pho-
tonic devices such as field effect transistors, ] quantum well 
lasers,2 and integrated circuits3 have been successfully fabri-
cated on the AIGaAs/GaAs epitaxial layers grown on lattice 
mismatched (~4%) Si substrates. For optical fiber com-
munication applications, the Inx Ga l _ x As compound, 
which has a band gap energy corresponding to the wave-
length of 0.9 to 3.1 11m, is more advantageous than that of 
GaAs. Futhermore, for high-frequency applications, its 
transport properties are superior to most other compound 
semiconductors, however, lattice matching conditions 
between epitaxial layers and the binary compound sub-
strates are not readily attained. This restricts the device ap-
plications of the Inx Gal "As alloy. In the paper, we report 
the growth of Inx Gal .. x As epitaxial layers with In compo-
sition as high as 0.7 on Si substrates by MBE. 
II. EXPERIMENTAL 
Silicon wafers misoriented 2° from (100) toward (011) 
were used as substrates. The Si substrate was solvent cleaned 
and briefly etched in a HF:H20 solution before being loaded 
into the MBE system where it was then cleaned ill vacuo at 
- 850 T for 10 min to thermally desorb the surface native 
oxide prior to growth. After the Si surface exhibited a sharp 
(2 X 2) reconstructed structure, the substrate temperature 
was lowered to about 300°C. The growth was performed 
using two-step growth procedure similar to that ofGaAs-on-
Si process. 4 First a woo-A thick InxGa l _xAs buffer layer 
was grown with a slow rate of 0.5 pm/h. A three-dimension-
al spotty reflection high-energy diffraction (RHEED) pat-
tern was observed during this growth. A 1000 A of InAs/ 
GaAs short-period superlattices (SPSL) then followed. 
During this period of time the substrate temperature, and Ga 
and In oven temperatures were ramped up to their designat-
ed final values. At the end of the SPSL, a diffuse (2 >< 4 ) 
RHEED pattern was observed in addition to the spotty 
(1 Xl) pattern. The In, Ga] x As surface layer, typically 
1.5 to 3 pm in thickness, was then grown under normal 
growth conditions at a substrate temperature of 520°C. 
When the MBE growth was completed, the RHEED pattern 
exhibited a clear (2 X 4) reconstructed structure suggesting 
that the grown 111., Ga] x As layer is in a single domain. x-
ray diffraction analysis to measure the 28 diffraction angle 
was performed in a Rigaku D/MAX III system equipped 
with a computer-controlled powder diffractometer. Double 
crystal rocking curves were obtained using eu ka] radiation 
in a Philips XRG 3100 system with a (004) GaAs monoch-
romater having a 10 arcsec resolution. 
III. RESULTS AND DISCUSSION 
As shown in Fig. 1, the surface morphology of the grown 
sample varies with the In composition. The GaAs-on-Si 
sample [Fig. 1 (a) 1 exhibited a mirror-like specular surface 
similar to that of GaAs homostructures. As the In composi-
tion increased, surface morphology became nonuniform. 
The surface of the Ino27Gao.7JAs sample [Fig. l(b)1 ap-
peared slightly hazy to the unaided eye, and Nomarski mi-
croscopy revealed a surface with an elongated fine texture 
aligned in the [110] direction. The lBo.51 Gao 49 As sample 
r Fig. 1 (c)] exhibited a fine grainy surface with a scale of a 
few microns. The surface morphology of the Ino.69 GaO.3! As 
FlG. 1. Surface morphology of (al GaAs; (b) Inon Gao 73 As; (el 
Illn., 1 GaOA9 As; and (d) 1110 ,,9 GaO] 1 As layers grown on Si substrates. 
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sample [Fig. I (d)] exhibited a matte appearance with an 
average grain size of about 10 !lm. 
Conventional single crystal x-ray diffraction technique 
and scanning Auger electron spectroscopy were used to de-
termine the lattice constant and composition of the epitaxial 
layer. Double-crystal x-ray rocking curves along the [110 J 
and ( 1 10 j directions were measured to determine the crystal 
quality and the strain anisotropy of each sample. The fun 
width at half-maximum (FWHM) of the rocking curves 
along the [110] direction, as shown in Fig. 2, was found to 
increase from as small as 21.6 arc sec to over 2000 arcsec as 
the In composition increased from 0.27 to 0.69. Anisotropic 
peak broadening was observed along two perpendicular 
[0111 directions in samples with an In composition less than 
0.4. For example, the FWHM values of 40 and 1600 arcsec 
were measured along the [110 1 and [1 101 directions, re-
spectively, for Ino . .l4 GaO 66 As. This anisotropy may indicate 
unequal residual strain in the layers. For samples with In 
content greater than 0.4, the rocking curves became very 
wide and possessed similar FWHM in both directions. The 
strain has been relaxed in these high In content materials. 
For comparison, a 4-,um thick GaAs epilayer which was 
grown using the two-step method in the same MBE system 
exhibited a FWHM of 19 arcsec along [110] and over 350 
arsec along [1 TO]. It is not clearly understood the detailed 
interrelationship and interactions between the dislocations 
and the residual strain in the strained layer heterostructures 
at this moment. Nevertheless, plane view TEM shows high 
density of microtwins in all epilayers and these {Ill} twins 
show strong anisotropy, i.e., a ratio of 10 to 1 of (111) and 
(II 1) twins as compared to cI 11) and (l 11) twins. In addi-
tion, Fig. l(b) revealed elongated fine texture along [1101 
direction instead of cross-hatching. Similar asymmetries in 
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FIG. 2. Double-crystal linewidths of In, Ga, ,As ~pilayers grown on 
( 100) Si substrates measured along two perpendicular' directions as a tlllle-
lion of In composition. 
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and Grundmann et a/.6 in InGaAs/GaAs single hetero-
layers. It is then not surprising to see that there may be a 
considerable difference in residual strain as measured in dif-
ferent directions. Care must be taken, however, when com-
paring strain in epilayers of different In concentrations. 
When film thickness exceeds a critical value, cracks may 
actually form due to difference in thermal contraction 
between the film and the substrate after cooling from the 
growth temperature. If cracks also occur preferentially 
along one set of < 110) directions, then the FWHM may 
show a substantial increase along one direction. 
Cross-sectional TEM was used to examine the defect 
types and distributions. A high density of misfit dislocations 
are observed along the In" Gal ~ x As/Si interfaces. As 
shown in Fig. 3(a), the InAs/GaAs SPSL reduces the 
amount of defects effectively in samples with an indium mole 
fraction less than 50%. However, there are still many 
threading dislocations along the growth direction which 
propagate to the surface. The defect density near the surface 
measured by plane-view TEM is around 10<) cm- 2• In this 
work, the defect density was evaluated by counting the num-
ber of threading dislocations reaching the surface of the epi-
layer as revealed in plane-view TEM. Since a great nonuni-
formity exists in dislocation distribution with depth, the 
defect density may not be simply related to the square of the 
FWHM value as derived by Hirsch. 7 In his original deriva-
tion, an assumption has been made that the sample is uni-
form mosaic structure with simple low-angle boundaries. 
Such an assumption does not quite fit in the heterostructures 
discussed so far. Therefore, no attempt has been made to 
correlate the x-ray rocking curve peak broadening and the 
51 
Si 
FIG. 3. Cross-sectional TEM micrographs of (a) Inll ;] Ga.,."As alld (b) 
In""" Gao" As epilaycrs grown on Si substrates. 
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threading dislocation density in this work. For the 
Ino.69 GaO.31 As samples, due to the ~ 9% mismaich between 
the epilayer and the substrate, the InAs/GaAs SPSL ap-
pears ineffective in blocking the dislocation propagation as 
can be seen in Fig. 3 (b). Even though the defect density is 
around lOlO em -2, the epitaxial layer still maintains a single 
crystalline structurc. 
IV. CONCLUSIONS 
In conclusion, InxGa l _xAs epitaxial layers have been 
successfully grown directly on 2° off (100) Si substrates. A 
modified two-step growth procedure consisting of a low-
temperature, low growth rate buffer layer, InAs/GaAs 
SPSL, and a final high-temperature growth yield single crys-
talline In, Gal _ x As epitaxial layers grown on Si subtrates 
with In composition as high as 0.7. Thc SPSL was found 
effective in reducing the dislocation propagation from the 
In, Gal _ x As/Si interface only when the In composition is 
below ~ o. 5. The residual strain in the mismatched materials 
with In composition less than 0.4 shows large anisotropy 
along [110 J and r 1 To 1 directions. 
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